The Genetics and Biology of Vertebrate Sex Determination  by Koopman, Peter
Cell, Vol. 105, 843–847, June 29, 2001, Copyright 2001 by Cell Press
Meeting ReviewThe Genetics and Biology
of Vertebrate Sex Determination
tor, but instead by inability to move to its proper site of
action within the cell, and this may prove to be a com-
mon feature of clinical mutations involving transcription
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Brisbane, Queensland 4072 factor genes. Harley further pointed out that a large
proportion of sex-reversing mutations in the HMG do-Australia
main of SRY do not compromise DNA binding, DNA
bending, or nuclear import. This observation suggests
that the HMG domain has other important roles that are
The plan seemed so simple. Having discovered Sry, the
yet to be discovered.
mammalian testis-determining gene on the Y chromo-
What functions can be ascribed to the remainder of
some, and shown that it is able to cause male sex deter-
the SRY protein? Two schools of thought have emerged
mination in chromosomally female transgenic mice, the
on this issue. The first contends that the HMG domain
hard work was surely done. A few more years of research
is the only important part of the protein, based on the
effort was expected to reveal how the SRY protein
observation that it is the only part to show any apprecia-
works, and to knock over all the other genes in the male
ble conservation during evolution, and that almost all
sex-determining pathway one by one, like dominoes, so
human sex reversing mutations affect the HMG domain.
yielding a complete picture of the molecular genetic
The role of SRY might be simply to remodel chromatin
pathway between switching on Sry and forming a testis.
in order to facilitate gene expression. The opposing view
Along the way, molecular markers of all the different cell
holds that other parts of the protein are necessary for
types in the developing testis would be generated, and
interaction with accessory proteins in a transcriptional
these would be used to provide a clear view of cellular
complex. In vitro studies have identified a PDZ protein,
events driving the morphogenesis of this complex or-
SIP1, that interacts with the C-terminal 7 amino acids
gan. Thoughts could then turn, perhaps, to how ovaries
of human SRY (Poulat et al., 1997), while transgenic
develop from the same primordia, the genital ridges, in
mouse studies suggest that mouse SRY is unable to
the absence of Sry.
function without its large and unique C-terminal gluta-
At least, that was the plan 10 years ago. What has
mine-rich repetitive domain (Bowles et al., 1999). Robin
really been achieved in this time? A recent international
Lovell-Badge (National Institute of Medical Research,
symposium (The Genetics and Biology of Sex Determi-
London, UK) described experiments in which a trans-
nation, Novartis Foundation Symposium 244, London,
gene containing the human SRY coding sequence sand-
May 1–3, 2001) was devoted to just this question, exam-
wiched between mouse Sry flanking sequences, was
ining progress and problems in understanding the ge-
found to promote male development in XX mice. Since
netics, biology, and evolution of sex determination in
the mouse and human proteins have only the HMG do-
vertebrates. In summary, a great deal of progress has
main in common, these results are consistent with the
been made, yet some of the most fundamental issues
idea that only the HMG domain is important, although
are still unresolved.
further transgenic mouse studies are required to test
directly the importance of human SRY C-terminal se-
Sry: How Does It Determine Sex? quence in vivo.
One of the enduring enigmas in developmental biology
is the molecular function of Sry, a seemingly simple, Beyond Sry
single-exon gene discovered over a decade ago, given Conspicuously, no target gene for SRY has yet been
its pivotal role in mammalian biology. Sry encodes an identified. At present the strongest contender for this
HMG domain protein likely to act as a transcription fac- role is Sox9, an Sry-related HMG box gene that is defec-
tor, and in vitro studies of normal and mutant SRY (as tive in the human skeletal disorder campomelic dyspla-
produced in some human XY females) suggest that DNA sia and its associated XY gonadal dysgenesis. Sox9 is
binding, and the accompanying bending of the target active in developing testes but, unlike Sry, is not limited
DNA molecule, are important features of its function. to mammals. In vertebrates, sex is determined through
The HMG domain also harbors two nuclear localiza- a number of different switch mechanisms: Sry in most
tion signals (NLS), and mutations in SRY from some mammals, a ZZ male/ZW female mechanism in birds,
human XY gonadal dysgenesis patients alter residues egg incubation temperature in many reptiles. Is Sox9
within these NLS. Vincent Harley (Prince Henry’s Insti- the pivotal vertebrate testis-determining gene through
tute of Medical Research, Melbourne, Australia) re- which all male-determining switch mechanisms oper-
ported that nuclear transport is mediated by calmodulin ate? Two lines of evidence have supported this idea.
and importin , which each bind one of the NLS, and Insertional mutant (“Odsex”) mice, in which a female-
that the NLS mutant SRY proteins are not efficiently specific Sox9 repressor element was serendipitously
imported into the cell nucleus. These mutations repre- inactivated, develop as XX males (Bishop et al., 2000);
sent the first examples of a human disorder being similarly, a masculinized human XX individual has been
caused not by diminished activity of a transcription fac- described showing mosaicism for a duplication of the
SOX9 region on chromosome 17 (Huang et al., 1999).
Further evidence has now emerged: Robin Lovell-Badge1Correspondence: p.koopman@imb.uq.edu.au
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Table 1. Genes Implicated in Human and Mouse Sexual Development by Mutation Analysis
Human Gain-of-Function
Gene Product Locus Phenotype Loss-of-Function Phenotype
Early gonadal development genes
Lim1 Transcription factor 11p12-13 ND Complete lack of kidneys and genital ridges (mouse null)
WT1 Transcription factor 11p13 ND Absence of gonads, blockage in kidney development
(mouse null)
Lhx9 Transcription factor 1q31-32 ND Blockage in genital ridge development (mouse null);
no mutations found in human XY gonadal agenesis
or dysgenesis
Sf1 Transcription factor 9q33 ND Blockage in genital ridge development (mouse null)
Emx2 Transcription factor 10q26.1 ND Blockage in genital ridge/kidney development (mouse null)
Sex-determining and gonadal differentiation genes
Sry Transcription factor Yp11.3 XX  (transgenic mice; XY  (human mutation; mouse deletion)
human translocation)
M33 Transcription factor 17q25 ND XY , reduced Sox9 (mouse null)
Sox9 Transcription factor 17q24 XX  (mouse XY , skeletal dysmorphology (human mutation)
derepression; human
duplication)
WT1 Transcription factor 11p13 ND XY  (loss of KTS splice form, human); kidney
defects and XY pseudohermaphroditism (zinc finger
mutation, human)
Sf1 Transcription factor, 9q33 ND XY , adrenal failure (human)
nuclear receptor
Dmrt1 Transcription factor 9p24.3 ND XY  (human multigene deletion); no XY sex reversal
but loss of Sertoli and germ cells in postnatal testis
(mouse null)
ATRX Helicase Xq13.3 ND XY , mental retardation, -thalassemia (human
mutation/deletion)
Dax1 Transcriptional repressor, Xp21.3 XY  (human duplication; Adrenal hypoplasia, hypogonadism (human); no XX or XY
nuclear receptor transgenic mice) sex reversal; block in spermatogenesis (mouse null)
Wnt4 Signaling molecule 1p35 XY  (human duplication) Testosterone synthesis and male duct development in XX
(mouse null)
Amh Signaling molecule 19p13.3 XX agenesis of uteri and Persistence of Mu¨llerian duct derivatives in XY but no sex
oviducts (transgenic mice) reversal (human mutation, mouse null)
Fgf9 Signaling molecule 13q11-13 ND XY , gonadal dysgenesis, variable phenotype; lung
defects (mouse null)
Gdf9 Signaling molecule 5q11 ND Failure of ovarian follicular development (mouse null)
Dhh Signaling molecule 16q24 ND Loss of germ cells (mouse null)
Bmp8a Signaling molecule 1p32-35 ND Loss of germ cells (mouse null)
Insl3 Signaling molecule 19p12-13.2 ND Blockage of testicular descent (mouse null)
Hoxa10, 11 Transcription factors 7p14-15 ND Blockage of testicular descent (mouse nulls)
References cited in Koopman, 2001; Swain and Lovell-Badge, 1999; Zarkower, 2001.
and, independently, Andreas Schedl (Max Delbru¨ck consensus binding sequences are present in multiple
copies in the region of interest, and further work is re-Centre, Berlin, Germany) overexpressed Sox9 in devel-
oping gonads of transgenic mice using the promoters quired to test whether these motifs are genuinely recog-
nized by SRY, or indeed by SOX9 or any other SOXof Dax1 and Wt1, respectively, two genes expressed in
early gonads. In both cases, preliminary data indicate proteins.
A number of other genes have been identified throughthat testes develop in some XX transgenic mice, sup-
porting a pivotal role for Sox9 in male sex determination, analysis of human sexual anomaly cases and/or func-
tional studies in mice, as having a role in the pathwayat least in mammals.
Several laboratories are approaching the question of of sexual development (Table 1). For example, genetic
ablation of the mouse signaling molecule gene Wnt4what SRY might regulate by posing the complimentary
question of how Sox9 is regulated. However, analyses results in masculinization of XX embryos (Vainio et al.,
1999). Eric Vilain (University of California, Los Angeles,of the Odsex insertion and campomelic dysplasia trans-
location breakpoints (Pfeifer et al., 1999), and YAC trans- CA) now reports that human WNT4 maps to a chromo-
somal region, 1p31–35, associated with duplicationsgenesis studies (Wunderle et al., 1998), have indicated
that Sox9 regulatory sequences are dispersed through that cause ambiguous genitalia and internal feminization
of XY patients. Both Vilain and Ken-Ichirou Morohashiat least 1000 kb in humans and mice, making their local-
ization a formidable challenge. Gerd Scherer (University (National Institute for Basic Biology, Okazaki, Japan)
have found through cell transfection studies that Wnt4of Freiburg, Germany) reported progress in localizing
putative sex-specific regulatory sequences to a region activates transcription of Dax1, another “anti-maleness”
gene. Dax1 encodes an orphan nuclear receptor,some 270 kb upstream from human SOX9, through a
combination of human/pufferfish sequence compari- NR0B1, known to act as a repressor of male gene ex-
pression by binding to and blocking activity of the re-sons and reporter studies in transgenic mice. SRY/SOX
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reversal is due to genetic background effects, or redun-
dancy: Zarkower has found several related genes, some
expressed in developing mouse gonads, that could con-
ceivably substitute for Dmrt1 in the knockout mice.
Zarkower reported that in chickens and turtles, Dmrt1
is expressed male-specifically in the genital ridges from
an early stage, in contrast to the situation in mice where
male-specificity occurs after testis differentiation. Dmrt1
maps to the Z chromosome in chickens, and could rep-
resent a dosage-dependent testis-determining switch
gene in birds (Nanda et al., 1999). However, several avian
genes have been found recently to be subject to dosage
compensation between males and females (McQueen
Figure 1. Molecular Pathways Controlling Sex Determining in XY et al., 2001). It is not yet known whether Dmrt1 is dosage
and XX Mammals compensated, but the clear difference in expression lev-
Positive regulation is indicated by an arrow, whereas inhibition is els between chicken testes and ovaries observed by in
represented by a blunt-ended line. The nature of the regulatory situ hybridization and Northern blotting (Raymond et al.,
relationship between Sry and Sox9, represented by a dotted arrow, 1999; Shan et al., 2000; Smith et al., 1999) suggests that
is not yet clear. Some of the unknown elements are indicated by
it is not.question marks.
How did all this diversity come to be? Clearly the
program of sexual development in any species is played
out through a network of gene activity. This network islated nuclear receptor SF1 (Ad4BP, NR5A1) by recruiting
likely to consist of both positive and negative regulatorythe corepressor NCoR (Crawford et al., 1998). While
mechanisms, based on observations in vertebrates tothese jigsaw pieces seem to fit neatly into part of the
date, such as the antagonism between Dax1 and Srysex determination puzzle (Figure 1), not all of the roles
(Swain et al., 1998), and on the elegantly elaboratedof Dax1 and Sf1 in the developing gonads are currently
pathways in invertebrate models such as C. elegans andunderstood.
Drosophila (reviewed by Zarkower, 2001). The degree
to which these mechanisms prove to be similar or differ-Diversity and Evolution of Sex-Determining
ent will become clearer as details of the pathwaysMechanisms
emerge in various vertebrate models.In contrast to the pivotal role of Sox9 in mammalian sex
The most likely evolutionary explanation for the differ-determination, Andrew Sinclair (University of Mel-
ent sex-determining switch mechanisms is that layersbourne, Australia) reported that in chickens and alliga-
of genetic regulation have come to be added to the toptors, Sox9 expression is activated after testes start to
of a simple, ancestral, environmentally based systemdifferentiate, not before, arguing that this gene cannot
such as temperature-dependent sex determination (Wil-have a testis-determining role in all vertebrates. Indeed,
kins, 1995). This could take the form of a dominant genemany comparative studies show that a similar cast of
or a dosage-based genetic mechanism determining onegenes is deployed during testis determination and differ-
sex, and examples of both types of mechanism appearentiation in all vertebrates, but differences in their timing,
to have arisen independently several times during verte-order, levels, and sex-specificity of expression indicate
brate evolution. However, Jenny Graves (Australian Na-that they are not always used in the same way between
tional University, Canberra, Australia) suggested thatvertebrate classes, or even between species within the
Sry should not be viewed as the pinnacle of evolutionaryone class.
sophistication since it, together with the Y-chromosomeThis diversity of mechanisms is remarkable on a num-
that bears it, seems to be gradually falling apart. It hasber of levels. How and why have these variations
even been supplanted in some mammalian species thatevolved, given that the organ being generated is struc-
lack a Y and Sry altogether (Just et al., 1995).turally and functionally very similar in all vertebrates?
Clearly, the notion of a single representative model sys-
tem for the study of vertebrate sex determination and Organogenesis of the Gonads
In addition to defining gene regulatory cascades, it isgonad differentiation is no longer tenable, making an
appreciation of variety as important as the tendency to important to understand the cellular phenomena oc-
curring during gonadal development—differentiation,search for common themes.
A gene that may represent a common thread in sexual migration, proliferation, apoptosis—and the signaling
events that control them. Blanche Capel (Duke Univer-development of metazoans from nematodes through to
mammals is Dmrt1. Human DMRT1 maps to a chromo- sity, Chapel Hill, NC) has used a gonadal organ culture
system to show that early downstream effects of Srysomal region associated with XY sex reversal (Table
1), and is related to genes encoding the transcriptional activity include an increase in cellular proliferation, at-
traction of interstitial cells into the genital ridge fromregulators mab-3 in Caenorhabditis elegans and dou-
blesex in Drosophila. David Zarkower (University of Min- the adjacent mesonephros, ingression of cells from the
coelomic epithelial surface, and stimulation of Sertolinesota, Minneapolis, MN) reported that XY mice lacking
Dmrt1 function show postnatal germ cell death and fail- cell differentiation (Karl and Capel, 1998; Martineau et
al., 1997; Schmahl et al., 2000). Sertoli cells act as orga-ure of Sertoli cell differentiation, but not the expected
sex reversal. It remains possible that the lack of sex nizers of other lineages such as steroidogenic cells and
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germ cells, and produce anti-Mu¨llerian hormone that to sponsor another meeting of this type in 5 or 10 years,
the picture will be far more complete. Who knows, bycauses the female duct system to regress (Figure 1).
Capel reported that 80% of mice lacking fibroblast then we may even have figured out how Sry works.
growth factor-9 (FGF9) develop as phenotypic females.
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